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TITLE OF THE INVENTION 

Piezoelectric Porcelain Composition, 

Piezoelectric device, and Methods of Making thereof 
BACKGROUND OF THE INVENTION 
5 Field of the Invention 

[0001] The present invention relates to a 

piezoelectric porcelain composition suitable for 
laminated actuators, piezoelectric buzzers, sounding 
bodies, sensors, and the like, a piezoelectric device 
10 using the same, and methods of making them. 

Related Background Art 

[0002] Recently, as apparatus involving application of 
piezoelectric devices, those using a laminated device 
in which piezoelectric porcelain layers and inner 
15 electrode layers are alternately laminated, such as a 

laminated piezoelectric actuator, have been developed 
vigorously . 

[0003] As such piezoelectric devices, those 

constituted by piezoelectric porcelain compositions 

20 have often been in use. For example, piezoelectric 

porcelain compositions such as those of 

Pb (Ni 1/3 Nb 2 /3) Zr0 3 type and Pb (Mgi /3 Nb 2 /3) (Nii /3 Nb 2 /3) TiZr0 3 
type which are piezoelectric porcelain compositions 
containing complex oxides mainly composed of Pb, Zr, Ti 

25 have been known. 

[0004] Piezoelectric porcelain compositions having 
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lowered their firing temperature by adding specific 
substances to complex oxides have also been proposed. 
Specifically, piezoelectric porcelain compositions 
where Ag or Ag oxides is added, those where M0O3 is 
5 added, and the like have been known. 

[0005] It has also been known that characteristics of 
piezoelectric porcelain compositions can be improved 
when metals, alloys, compounds, and the like of Ag are 
added to the compositions. 

10 SUMMARY OF THE INVENTION 

[0006] The piezoelectric actuator, which is an example 
of laminated piezoelectric devices employing a 
piezoelectric porcelain composition, has such a 
characteristic that a large displacement can be 

15 obtained with a small electric field, and is also 

advantageous in that the device can easily be made 
smaller, and so forth. Such a laminated piezoelectric 
device is usually made by laminating a piezoelectric 
layer made of a piezoelectric porcelain composition and 

20 an inner electrode together and firing thus obtained 

laminate. When a piezoelectric porcelain composition 
whose firing temperature exceeds 1200°C is employed, an 
expensive noble metal such as platinum (Pt) and 
palladium (Pd) which can endure such a high temperature 

25 must be used as the inner electrode. As a consequence, 

the cost of making the device tends to increase. 
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[0007] Hence, for making a laminated piezoelectric 
device by employing a piezoelectric porcelain 
composition whose firing temperature exceeds 1200°C in 
the piezoelectric layer while using relatively 
5 inexpensive Ag or the like for the inner electrode, it 

is necessary to lower the firing temperature of the 
piezoelectric porcelain composition by temporarily 
firing the piezoelectric porcelain composition and then 
processing it into a powder having a large specific 
10 surface area or by pressurizing the laminate at the 

time of final firing, for example. As a result, the 
making of the piezoelectric device has been quite 
complicated in terms of its procedure. 

[0008] When lowering the firing temperature by adding 
15 an Ag compound such as Ag or Ag oxide to the 

piezoelectric porcelain composition alone, on the other 
hand, the amount by which the Ag compound can dissolve 
into piezoelectric crystals constituted by the 
piezoelectric porcelain composition is about 0.12 mol% 
20 in terms of Ag 2 0. Therefore, when an excessive amount 

of the Ag compound is added to the piezoelectric 
porcelain composition, an insoluble part of Ag may 
remain in crystal grain boundaries of the piezoelectric 
layer, thereby causing silver migrations. In this case, 
25 the insulating resistance of the piezoelectric layer 

tends to decrease in a moisture resistance load 
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reliability test, for example. 

[0009] Also, the piezoelectric porcelain compositions 
where only Mo compound such as Mo or Mo oxide is added 
has been problematic in that the Mo compound may 
5 combine with Ag constituting the inner electrode, thus 

lowering the ratio of electrically conductive 
substances in the inner electrode, thereby decreasing 
the dielectric constant. 

[0010] When generating a laminated piezoelectric 

10 device or the like by using a conventional 

piezoelectric porcelain composition, local deformations 
may occur because of the difference between the 
respective contraction ratios of the inner electrode 
and piezoelectric layer at the time of firing. 

15 [0011] In a laminated piezoelectric device having a 

piezoelectric layer which comprises a above mentioned 
piezoelectric porcelain composition where a substance 
such as Ag is added, a curve indicating a volume 
contraction ratio with respect to firing time 

20 (contraction curve) in the firing reaction tends to 

become steep. Also, it is not easy to regulate a 
temperature profile for eliminating the steepness of 
the contraction curve. Hence, the balance of 

contraction between the inner electrode and 

25 piezoelectric layer is hard to control at the time of 

firing. When forming a thin laminated piezoelectric 
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device with a relatively large area in particular, 
warpage, undulation, and the like occur in thus 
obtained device. 

[0012] Meanwhile, when forming a piezoelectric device, 
5 a piezoelectric porcelain composition for constituting 

a piezoelectric layer often contains not only the 
above-mentioned complex oxide and additional substances, 
but also a binder for making it easier to form layers. 
In this case, it is necessary to carry out two steps of 

10 debindering and firing when forming the device. In 

such two steps, the debindering is initially carried 
out in an open atmosphere in order to promote the 
scattering of the binder. Thereafter, for preventing 
elements (mainly Pb) contained in the piezoelectric 

15 porcelain composition from evaporating, the debindered 

device is transferred into a sealed container and then 
is fired. 

[0013] Even when the above-mentioned conventional 
piezoelectric porcelain composition can realize a 

20 firing temperature which is low to a certain extent, 

thereby somewhat simplifying the process of making the 
piezoelectric device, a complicated procedure such as 
that mentioned above is still required in the making of 
the piezoelectric device. Hence, there has been a 

25 demand for a piezoelectric porcelain composition which 

can further, simplify the process of making the 
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piezoelectric device . 

[0014] In view of such circumstances, it is an object 
of the present invention to provide a new piezoelectric 
porcelain composition which can use inexpensive Ag in 
5 an inner electrode of a laminated piezoelectric device 

while yielding a favorable piezoelectric characteristic 
after firing. It is another object of the present 
invention to provide a method of making this 
piezoelectric porcelain composition, a piezoelectric 
10 device and a method of making the same, and a 

piezoelectric body . 

[0015] For achieving the above-mentioned objects, the 
present invention provides a piezoelectric porcelain 
composition containing a complex oxide having a 
15 perovskite structure mainly composed of Pb, Zr and Ti; 

and the following component (a) and/or (b) : 

(a) Ag and/or an Ag compound, and Mo and/or an 
Mo compound 

(b) silver molybdate [Ag 2 Mo0 4 ] 

20 [0016] A preferred example of the piezoelectric 

porcelain composition having such a configuration is 
one which is made by adding Ag and/or an Ag compound, 
and Mo and/or an Mo compound to a complex oxide having 
a perovskite structure mainly composed of Pb, Zr and Ti, 

25 and contains a silver molybdate [Ag 2 Mo0 4 ]. Namely, 

preferred is a piezoelectric porcelain composition 
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which is made by adding Ag and Mo as metals or 
compounds thereof to a complex oxide having a 
perovskite structure mainly composed of Pb, Zr and Ti, 
and contains silver molybdate [Ag 2 Mo0 4 ] • 
5 [0017] The piezoelectric porcelain composition having 

such a composition allows the firing for forming the 
piezoelectric device to be carried out at a temperature 
lower than that for conventional piezoelectric 
porcelain compositions. Since silver molybdate is 
10 characteristically quite stable in the composition, it 

rarely causes piezoelectric characteristics and 
moisture resistance reliability to deteriorate, which 
has been a problem in the case where Ag or Mo is added 
alone . 

15 [0018] Enabling the firing of the piezoelectric 

porcelain composition under a low temperature condition 
is preferred not only from the viewpoint of making it 
possible to overcome the above-mentioned problems of 
raising the cost for manufacturing the piezoelectric 

20 device and complicating the manufacturing procedure, 

but also from the following reason. Recently, in 
piezoelectric actuators which are laminated 
piezoelectric devices, silver/palladium alloys (Ag-Pd 
alloys) have often been used as a material for the 

25 inner electrode, since they are relatively inexpensive 

and excellent in characteristics such as heat 
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resistance. However, it has been known that, if the Pd 
content exceeds 30 mass% in an electrode made of such 
an alloy, the Pd reducing reaction tends to occur 
during the firing. In this case, cracks may occur in 
5 the piezoelectric layer of the device, or the electrode 

may peel off. Therefore, it is preferred that the Pd 
content be 30 mass% or less in an electrode made of an 
Ag-Pd alloy. For achieving a Pd content of 30 mass% or 
less, the firing temperature is required to be 1150°C 
10 or lower, preferably 1120°C or lower, according to the 

constitutional diagram of Ag-Pd. 

[0019] For further lowering the cost for making the 
device, it is preferable to decrease the content of Pd, 
which is relatively expensive in this alloy. The 

15 firing at a lower temperature is desired from this 

viewpoint as well. For making an electrode constituted 
by Ag alone while nullifying the Pd content, for 
example, the firing temperature is required to be 950 °C 
or lower, preferably 900°C or lower. 

20 [0020] The piezoelectric porcelain composition in 

accordance with the present invention can be fired at 
such a temperature of 950°C or lower. Namely, it can 
be fired at a temperature of 850°C to 950°C, which is 
lower than that for the conventional compositions. 

25 This can simplify the process of making the 

piezoelectric device. Thus fired piezoelectric device 
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is not only excellent in piezoelectric characteristics, 
but also has such a characteristic that deformations of 
the device are small. Since the firing is possible at 
a low temperature as such, relatively inexpensive Ag 
5 can be used for the inner electrode when making a 

laminated piezoelectric device. 

[0021] Though not elucidated yet, the inventors assume 
that the reason why characteristics of the 
piezoelectric device do not deteriorate notwithstanding 

10 the fact that the piezoelectric porcelain composition 

contains Ag lies in the following mechanism. In the 
piezoelectric porcelain composition having this 
composition, the dissolving of Ag into crystals of the 
piezoelectric layer starts near the firing temperature 

15 of 800°C and completes at a temperature between 800°C 

to 850°C. Here, the part of Ag immiscible in crystals 
of the piezoelectric layer combines with Mo 
concurrently contained therein, thereby forming silver 
molybdate. Silver molybdate has such a characteristic 

20 that it can quite stably exist in the composition or a 

piezoelectric body which will be explained later. 
Therefore, Ag, which may lower the moisture resistance 
load reliability when existing by itself, is in a 
stabilized state in the piezoelectric porcelain 

25 composition. As a result, the deterioration of 

characteristics attributable to Ag contained in the 
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composition is very little. 

[0022] When Ag and/or an Ag compound, and Mo and/or an 
Mo compound is added to a complex oxide, their contents 
represented by amount of Ag 2 0 and M0O3 converted from 
5 Ag and Mo, respectively, preferably satisfy all of the 

following expressions (i) to (iii) : 

Ag 2 0 amount - M0O3 amount ^ 0.12 mol% (i) 
0.24 mol% < Ag 2 0 amount < 0.48 mol% (ii) 
0.12 mol% < M03O amount < 0.36 mol% (iii) 
10 Namely, a preferred piezoelectric porcelain composition 

comprises a complex oxide having a perovskite structure 
mainly composed of Pb, Zr and Ti; and 0.24 mol% to 0.48 
mol% of Ag 2 0 and 0.12 mol% to 0.36 mol% of M0O3 under 
the condition of Ag 2 0 amount - M0O3 amount ^ 0.12 mol% 
15 when Ag or a compound thereof is calculated as Ag 2 0 

while Mo and/or a compound thereof is calculated as 
M0O3. 

[0023] It will also be preferred if the piezoelectric 
porcelain composition comprises the complex oxide, and 

20 0.12 mol% to 0.36 mol% of silver molybdate. 

[0024] It will further be preferred if the 

piezoelectric porcelain composition further contains 
lead molybdate [Pb 2 Mo0 5 ] . For example, lead molybdate 
is also formed when the part of Mo having failed to 

25 combine with Ag in the reaction indicated by the above- 

mentioned mechanism combines with an excess of Pb or a 
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compound thereof existing in the piezoelectric 
porcelain composition. As with silver molybdate 

mentioned above, lead molybdate can stably exist in the 
piezoelectric porcelain composition or in a 
5 piezoelectric body which will be explained later. As a 

consequence, Mo, which may lower the ratio of 
electrically conductive substances in the inner 
electrode when existing alone, is stabilized in the 
piezoelectric layer . 

10 [0025] Thus, the piezoelectric porcelain composition 

having the above-mentioned configuration can stably 
contain Ag and Mo which may deteriorate piezoelectric 
characteristics and moisture resistance load 
reliability when existing by themselves, while lowering 

15 the firing temperature. 

[0026] When fired at a predetermined temperature, such 
a piezoelectric porcelain composition becomes a 
piezoelectric body (fired product for a piezoelectric 
porcelain) applicable to a piezoelectric device. 

20 Examples of such a piezoelectric body include a 

piezoelectric body containing silver molybdate 
[Ag 2 Mo04], and a piezoelectric body containing silver 
molybdate [Ag 2 Mo0 4 ] and lead molybdate [Pb 2 MoC>5] . 
[0027] Also, the present invention provides a 

25 piezoelectric porcelain composition containing a 

complex oxide having a perovskite structure mainly 
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composed of Pb, Zr and Ti, and the following component 
(A) and/or (B) : 

(A) Ag and/or an Ag compound, Mo and/or an Mo 
compound, and W and/ or a W compound 
5 (B) silver molybdate-tungstate [Ag 2 Mo ( i- 

x)W x 0 4 ] (where X is a number from 0.3 to 0.7) 
[0028] A piezoelectric porcelain composition having 
such a composition can lower the firing temperature at 
the time of forming the piezoelectric device as with 

10 the piezoelectric porcelain composition mentioned above. 

Silver molybdate-tungstate can stably exist in the 
composition or a piezoelectric body which will be 
explained later, and thus rarely causes the 
deterioration in piezoelectric characteristics and 

15 moisture resistance load reliability, which has been a 

problem in the case where Ag, Mo or W is added alone. 
[0029] More specifically, it will be preferred if the 
piezoelectric porcelain composition is made by adding 
Ag and/or an Ag compound, Mo and/or an Mo compound, and 

20 W and/or a W compound to a complex oxide having a 

perovskite structure mainly composed of Pb, Zr and Ti, 
and the composition contains silver molybdate-tungstate 
[Ag 2 Mo (i-x)W x 0 4 ] (where X is a number from 0.3 to 0.7) . 
Namely, a preferred piezoelectric porcelain composition 

25 is one which is made by adding Ag ,Mo and W as metals 

or compounds thereof to a complex oxide having a 
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perovskite structure mainly composed of Pb, Zr and Ti, 
and contains silver molybdate-tungstate [Ag 2 Mo ( i_ 
X )W X 0 4 ] (where X is a number from 0.3 to 0.7). 
[0030] Thus obtained piezoelectric porcelain 

5 composition can lower the firing temperature by about 

100°C as compared with that of a composition not 
containing Ag and/or an Ag compound, Mo and/or an Mo 
compound, and W and/or a W compound. Though the 
mechanism lowering the firing temperature as such is 

10 not completely clear, the inventors infer as follows: 

[0031] In the composition made by adding Ag and/or an 
Ag compound, Mo and/or an Mo compound, and W and/or a W 
compound to a complex oxide having a perovskite 
structure mainly composed of Pb, Zr and Ti, Ag and 

15 (Mo+W) seem to form a liquid phase, which promotes a 

sintering reaction, thereby lowering the firing 
temperature . 

[0032] The inventors studied the addition of the W 
compound and, as a result, have attained the following 

20 knowledge. Namely, it has been verified that, though 

an addition of W or a compound thereof to a 
piezoelectric porcelain composition promotes the 
sintering reaction at the time of sintering so that a 
sufficient porcelain density is obtained, an addition 

25 of W only is likely to inhibit particles from growing 

at the time of firing, whereby the resulting 
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piezoelectric porcelain composition fails to yield 
sufficient characteristics upon firing at a low 
temperature . 

[0033] By contrast, though the piezoelectric porcelain 
5 composition having the above-mentioned composition 

contains W which is likely to yield such inconveniences 
and Ag which may lower the moisture resistance load 
reliability of the piezoelectric device in the 
composition, it rarely incur the inconveniences caused 
10 by their addition. Though not completely clear, the 

reason therefor is presumed to lie in the following 
mechanism. 

[0034] In the above-mentioned piezoelectric porcelain 
composition containing Ag, Mo, and W in combination, 

15 the dissolving of Ag into crystals of the piezoelectric 

layer starts near the firing temperature of 800°C and 
completes at a temperature between 800°C to 850°C. 
Here, the part of Ag not completely dissolved into 
crystals of the piezoelectric layer recombines with 

20 (Mo+W) forming a liquid phase and so forth, thereby 

forming silver molybdate- tungs tate . Silver molybdate- 
tungstate is a compound which can quite stably exist in 
the piezoelectric porcelain composition or a 
piezoelectric body which will be explained later. 

25 Therefore, Ag and W in the piezoelectric layer attain a 

stabilized state in the composition and thus rarely 
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cause the above-mentioned inconveniences. 
[0035] When the piezoelectric porcelain composition 
having such characteristics is used for making a 
laminated piezoelectric device, firing at a low 
5 temperature is possible, whereby relatively inexpensive 

Ag can be used for inner electrodes. Also, since this 
piezoelectric porcelain composition contains three 
components of Ag, Mo, and W in combination, the 
contraction curve caused by the sintering reaction does 

10 not show so much steepness. This can restrain warpage 

and undulation from occurring when forming a laminated 
device. Further, since the evaporation of Pb can be 
suppressed at the time of firing, the manufacturing 
process can greatly be simplified. Thus manufactured 

15 laminated piezoelectric device is excellent in 

piezoelectric characteristics, while its stability is 
high and deformations after firing are small. 
[0036] When yielding a piezoelectric porcelain 

composition by adding Ag and/or an Ag compound, Mo 

2 0 and/or an Mo compound, and W and/or a W compound to the 

complex oxide, it will be preferred if their added 
amount satisfy all of the following expressions (1) to 
(3) when Ag, Mo, and W are calculated as Ag 2 0, Mo0 3 , 
and W0 3 , respectively: 

25 Ag 2 0 amount - ((1-X)-Mo0 3 + X-W0 3 ) amount < 0.12 

mol% (1) 
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0.24 mol% ^ Ag 2 0 amount < 0.48 mol% (2) 
0.12 mol% < (M03O+WO3) amount < 0.36 mol% (3) 
where X is a number from 0.3 to 0.7. 

[0037] It will also be preferred if the piezoelectric 
5 porcelain composition containing the complex oxide and 

silver molybdate- tungstate is one which comprises the 
above-mentioned complex oxide; and 0.12 mol% to 0.36 
mol% of silver molybdate-tungstate [Ag 2 Mo ( i- X ) W x 0 4 ] (where 
X is a number from 0.3 to 0.7) . 

10 [0038] It will further be preferred if the 

piezoelectric porcelain composition having this 
configuration further comprises lead molybdate- 
tungstate [Pb 2 MO(i-x)W x 04 ] (where X is a number from 0.3 
to 0.7). Lead molybdate-tungstate is also formed when 

15 the part of Mo and W having failed to combine with Ag 

in the reaction indicated by the above-mentioned 
mechanism combines with an excess of Pb or a compound 
thereof existing in the piezoelectric porcelain 
composition. Thus, Mo and W, which may lower the ratio 

20 of electrically conductive substances in the inner 

electrode when existing by themselves, are stabilized 
in the piezoelectric layer. This further improves the 
stability of the resulting piezoelectric device. 
[0039] These piezoelectric porcelain compositions, as 

25 with those mentioned above, become piezoelectric bodies 

when fired at a predetermined temperature. Examples of 
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such piezoelectric bodies include a piezoelectric body 
containing silver molybdate-tungstate [Ag 2 Mo ( i- 
x)W x 0 4 ] (where X is a number from 0.3 to 0.7), and a 
piezoelectric body containing silver molybate- tungstate 
5 [Ag 2 MO(i-x)W x 0 4 ] (where X is a number from 0.3 to 0.7) and 

lead molybate-tungstate [ Pb 2 Mo ( i-x)W x 0 4 ] (where X is a 
number from 0.3 to 0.7). 

[0040] More preferably, in the piezoelectric porcelain 
composition of the present invention, the complex oxide 
10 further contains Zn, Mg and Nb . A preferred example of 

complex oxides composed of these elements is 
aPb (Zn 1/3 Nb 2 /3) 0 3 -bPb (Mgi/ 3 Nb 2 / 3 ) 0 3 -cPbTi0 3 -dPbZr0 3 (where 
a+b+c+d=l) . 

[0041] The present invention provides a single-plate 
15 piezoelectric device in which the piezoelectric 

porcelain compositions in accordance with the present 
invention are suitably used for a piezoelectric layer. 
This single-plate piezoelectric device comprises two 
electrodes opposing each other, and a piezoelectric 
20 layer disposed between the electrodes; wherein the 

piezoelectric layer comprises any of the piezoelectric 
porcelain compositions in accordance with the present 
invention . 

[0042] The present invention provides a laminated 
25 piezoelectric device comprising an inner electrode, a 

piezoelectric layer, and an outer electrode, wherein 
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the inner electrode and the piezoelectric layer are 
laminated alternately, and the inner electrode is 
connected to the outer electrode, and wherein the 
piezoelectric layer comprises any of the piezoelectric 
5 porcelain compositions in accordance with the present 

invention. 

[0043] Thus configured single-plate or laminated 

piezoelectric device can be made at a lower firing 
temperature, since the piezoelectric layer comprises 

10 any of the piezoelectric porcelain compositions in 

accordance with the present invention. As a 

consequence, the piezoelectric device can be made by a 
simple manufacturing process. Further, since an 

electrode comprising Ag can be used as the inner 

15 electrode, the cost for manufacture decreases. 

[0044] Also preferred as the laminated piezoelectric 
device is one comprising an inner electrode, a 
piezoelectric layer, and an outer electrode, wherein 
the inner electrode and the piezoelectric layer are 

20 laminated alternately, and the inner and outer 

electrodes are connected to each other via a conductor 
within a through hole formed in the laminating 
direction, and wherein the piezoelectric layer 
comprises any of the piezoelectric porcelain 

25 compositions in accordance with the present invention. 

[0045] The piezoelectric layer in the single-plate 
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piezoelectric device and laminated piezoelectric device 
may be any of the piezoelectric bodies in accordance 
with the present invention. The inner electrode used 
in the laminated piezoelectric device is preferably an 
5 electrode comprising Ag . 

[0046] The present invention provides the following 
methods for easily making the piezoelectric porcelain 
compositions in accordance with the present invention. 
Namely, the present invention provides a method which 

10 comprises a step of forming a complex oxide having a 

perovskite structure by temporarily firing a material 
containing Pb, Zr and Ti, and a step of adding Ag 
and/or an Ag compound, and Mo and/or an Mo compound to 
the complex oxide; and a method which comprises a step 

15 of forming the complex oxide, and a step of adding 

silver molybdate [Ag 2 Mo0 4 ] to the complex oxide. These 
methods make piezoelectric porcelain compositions which 
can contain silver molybdate after firing. 
[0047] Also preferred as a method of making the 

20 piezoelectric porcelain composition in accordance with 

the present invention is one which comprises a step of 
forming a complex oxide having a perovskite structure 
by temporarily firing a material containing Pb, Zr and 
Ti, and a step of adding Ag and/or an Ag compound, Mo 

25 and/or an Mo compound, and W and/or a W compound to the 

complex oxide; and a method which comprises a step of 



19 



FP03-0235-00 



forming the complex oxide, and a step of adding silver 
molybdate-tungstate [Ag 2 Mo (i-x)W x 0 4 ] (where X is a number 
from 0.3 to 0.7) to the complex oxide. These methods 
make piezoelectric porcelain compositions which can 
5 contain silver molybdate-tungstate after firing. 

[0048] Further, the present invention provides a 
method of making a piezoelectric device which comprises 
a step of firing the piezoelectric device precursor 
before final firing comprising the piezoelectric 
10 porcelain composition in accordance with the present 

invention at a firing temperature of 850°C to 950°C. 
BRIEF DESCRIPTION OF THE DRAWINGS 

[0049] Fig. 1 is a schematic sectional view showing an 
embodiment of the single-plate piezoelectric device in 
15 accordance with the present invention; 

[0050] Fig. 2 is a flowchart showing a process of 
making a single-plate piezoelectric device in 
accordance with the present invention; 

[0051] Fig. 3 is a schematic sectional view showing a 
20 first embodiment of the laminated piezoelectric device 

in accordance with the present invention; 

[0052] Fig. 4 is a schematic sectional view showing a 
second embodiment of the laminated piezoelectric device 
in accordance with the present invention; 
25 [0053] Fig. 5 is a flowchart showing the process of 

making a single-plate or laminated piezoelectric device 
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in an example; and 

[0054] Fig. 6 is a graph showing results of shrinking 
behaviors in shaped products of Samples 41 and 42 
investigated by a thermal analyzer. 
5 DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0055] In the following, preferred embodiments of the 
present invention will be explained with reference to 
the drawings. Constituents identical to each other 
will be referred to with numerals identical to each 

10 other without repeating their overlapping explanations. 

Positional relationships such as upper, lower, left, 
and right are based on those in the drawings. 
[0056] Fig. 1 is a schematic sectional view showing an 
embodiment of the piezoelectric device (single-plate 

15 piezoelectric device) in accordance with the present 

invention. This piezoelectric device 10 comprises two 
electrodes 1 opposing each other, and a piezoelectric 
layer 2 held therebetween. 

[0057] The electrodes 1 in thus configured 

20 piezoelectric device 10 may be constituted by any 

materials such as metals usually employed for 
electrodes. Examples of the materials include Ag, Au, 
Pt, and Pd. From the viewpoint of suppressing the 
manufacturing cost of the single-plate piezoelectric 
25 device 10 and the like, it is preferred that electrodes 

constituted by Ag-Pd alloys, which are less expensive 
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electrode materials, or by Ag alone be used. 
[0058] The piezoelectric layer 2 is constituted by a 
piezoelectric porcelain composition in accordance with 
the present invention. For example, this layer may be 
5 a piezoelectric body of the present invention formed by 

firing the piezoelectric porcelain composition. 
Examples of the piezoelectric porcelain composition 
constituting the piezoelectric layer 2 include the 
following first and second piezoelectric porcelain 

10 compositions. 

[0059] The first piezoelectric porcelain composition 
will now be explained. The first piezoelectric 

porcelain composition contains a complex oxide having a 
perovskite structure mainly composed of Pb, Zr, and Ti, 

15 and the following component (a) and/or (b) : 

(a) Ag and/or an Ag compound, and Mo and/or an 
Mo compound 

(b) silver molybdate [Ag 2 Mo0 4 ] 

In the piezoelectric porcelain composition, the 
20 component (a) and/or (b) is preferably dissolved or 

dispersed in the complex oxide. 

[0060] Preferably, the complex oxide having a 

perovskite structure is an oxide further containing Zn, 
Mg, and Nb in addition to the main ingredients of Pb, 
25 Zr, and Ti. A specific example of such a complex oxide 

is aPb ( Zni /3 Nb 2 /3) Q 3 -bPb (Mgi /3 Nb 2 /3) 0 3 -cPbTi0 3 -dPbZr0 3 
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(where a+b+c+d=l) . 

[0061] More preferably, the first piezoelectric 

porcelain composition further contains lead molybdate 
[Pb 2 Mo05] . This allows an excess of Mo in the 
5 composition to exist in a stable state. A preferred 

content of lead molybdate is 0 to 0.18 mol% with 
respect to the total molar amount of the complex oxide. 
[0062] As mentioned above, the first piezoelectric 
porcelain composition contains the complex oxide and 
10 the above-mentioned component (a) and/or (b) . Such a 

piezoelectric porcelain composition can be obtained by 
adding the component (a) and/or (b) to the complex 
oxide, for example. 

[0063] When adding the component (a) , it is necessary 
15 that amount of Ag and/or an Ag compound and Mo and/or 

an Mo compound as the composition (a) be such amounts 
that the fired piezoelectric porcelain composition can 
fully maintain its piezoelectric characteristics. To 
this aim, it is preferred that their amounts satisfy 
20 all of the following expressions (i) to (iii) : 

Ag 2 0 amount - M0O3 amount ^ 0.12 mol% (i) 
0.24 mol% < Ag 2 0 amount < 0.48 mol% (ii) 
0.12 mol% < M03O amount < 0.36 mol% (iii) * 

when the respective amounts of Ag and Mo are calculated 
25 as those of Ag 2 0 and M0O3 . 

[00 64] When adding respective compounds of Ag and Mo, 
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any compounds can be used with no restriction in 
particular as long as Ag and Mo components can be 
obtained by heating or the like. Examples of the 
compounds include oxides, carbonates, hydroxides, and 
5 nitrates of Ag and Mo. Among them, the oxides are 

preferred in particular. Preferred examples of oxides 
of Ag and Mo include Ag 2 0 and M0O3 . 

[0065] In the piezoelectric porcelain composition 
obtained by such addition, the part of Ag immiscible 

10 into crystals formed by the piezoelectric porcelain 

composition may combine with Mo concurrently added 
thereto, for example, after firing, thereby forming 
silver molybdate. Thus formed silver molybdate in the 
piezoelectric porcelain composition can be identified 

15 by x-ray diffraction or an x-ray microanalyzer . The 

silver molybdate content in the piezoelectric porcelain 
composition is preferably about 0.12 mol% to about 0.36 
mol% with respect to the total number of moles of the 
composition . 

20 [0066] When the component (b) is added to the complex 

oxide, on the other hand, it is necessary that the 
amount of silver molybdate be such an amount that the 
fired piezoelectric porcelain composition can fully 
maintain its piezoelectric characteristics as mentioned 

25 above. To this aim, it is preferred that the amount of 

silver molybdate be 0.12 mol% to 0.36 mol% with respect 
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to the total molar amount of the complex oxide. 
[0067] The second piezoelectric porcelain composition 
will now be explained. The second piezoelectric 
porcelain composition contains a complex oxide having a 
5 perovskite structure mainly composed of Pb, Zr, and Ti, 

and the following component (A) and/or (B) : 

(A) Ag and/or an Ag compound, Mo and/or an Mo 
compound, and W and/or a W compound 

(B) silver molybdate-tungs tate [Ag 2 Mo { i_ 
10 x)W x 0 4 ] (where X is a number from 0.3 to 0.7) 

Preferred examples of the complex oxide used in the 
second piezoelectric porcelain composition include 
those in the first piezoelectric porcelain composition 
mentioned above. 

15 [0068] More preferably, the second piezoelectric 

porcelain composition contains lead molybate-tungstate 
[Pb 2 Mo (i_x)Wx0 4 ] i n addition to the complex oxide and 
silver molybdate- tungstate. This allows an excess of 
Mo and W in the composition to exist in a stable state. 

20 Preferably, the content of lead molybdate-tungstate is 

0 to 0.18 mol% with respect to the total molar amount 
of the complex oxide. 

[0069] Thus configured second piezoelectric porcelain 
composition is preferably obtained by adding the above- 
25 mentioned compound (A) and/or (B) to the complex oxide. 

[0070] When adding the component (A), it is necessary 
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that amounts of Ag and/or an Ag compound, Mo and/or an 
Mo compound, and W and/or a W component as the 
component (A) be such amounts that the added 
piezoelectric porcelain composition can fully maintain 
5 its piezoelectric characteristics. 

[0071] In this case, it is preferred that their 
amounts be such as to satisfy all of the following 
expressions (1) to (3) when Ag, Mo, and W are 
calculated as Ag 2 0, M0O3, and W0 3 , respectively: 

10 Ag 2 0 amount - ((1-X)-Mo0 3 + X-W0 3 ) amount < 0.12 

mol% (1) 

0.2 4 mol% < Ag 2 0 amount < 0.4 8 mol% (2) 
0.12 mol% < (Mo 3 0+W0 3 ) amount < 0.36 mol% (3) 
where X is a number from 0.3 to 0.7. 

15 [0072] Examples of Ag, Mo, and W compounds which is 

added to the complex oxide include oxides, carbonates, 
hydroxides, and nitrates of these metals. Among them, 
the oxides are preferred in particular. Preferred 
oxides are Ag 2 0, Mo0 3 , and W0 3 . 

20 [0073] It is presumed that, when the component (A) is 

added to the complex oxide, the part of Ag immiscible 
into crystals formed by the piezoelectric porcelain 
composition may combine with (Mo+W) forming a liquid 
phase in the composition, for example, after firing, 

25 thereby forming silver molybdate- tungstate . Thus 

formed silver molybdate- tungstate can be identified by 
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the same means as that for the silver molybdate in the 
first piezoelectric porcelain composition. Here, the 
silver molybdate- tungstate content in the first 
piezoelectric porcelain composition is preferably 0.12 
5 mol% to 0.36 mol% with respect to the total number of 

moles. 

[0074] When the component (B) is added to the complex 
oxide, on the other hand, the amount of silver 
molybdate-tungstate as the component (B) is preferably 

10 0.12 mol% to 0.36 mol% with respect to the total molar 

amount of the complex oxide. This can minimize the 
deterioration in characteristics of the piezoelectric 
porcelain composition after firing due to the addition 
of a molybdate-tungstate. 

15 [0075] With reference to Fig. 2, a method of making 

thus configured single-plate piezoelectric device will 
be explained. Fig. 2 is a flowchart showing a process 
of making a piezoelectric device (single-plate 
piezoelectric device) in accordance with the present 

20 invention. 

[0076] First, a material compound (first material) 
containing elements of Pb, Zr, and Ti are weighed and 
compounded so as to yield the aimed composition of 
complex oxide (step Sla) . * Employable as the first 

25 material are oxides and carbonates of the metals 

constituting the aimed complex oxide. When forming a 
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complex oxide represented by aPb ( Zni/ 3 Nb 2 / 3 ) 0 3 - 
bPb (Mg 1/3 Nb 2/3 ) 0 3 -cPbTi0 3 -dPbZr0 3 (where a+b+c+d=l) , for 
example, PbO, ZnO, Ti0 2 , Nb 2 0 5 , MgC0 3/ Zr0 2 , and the 
like are used as material compounds. 
5 [0077] Subsequently, thus compounded first material is 

put into a ball mill, and water is added thereto. Then, 
with alumina balls, zirconia balls, and the like added 
as pulverizing media for pulverization added thereto, 
the resulting mixture is stirred, whereby the first 

10 material is mixed and pulverized in a wet fashion (step 

S2) . Thus mixed and pulverized first material is dried 
(step S3) , and then is heated for about 3 hours at a 
temperature of 700°C to 900°C so as to be temporarily 
fired (step S4), which causes a solid-phase reaction in 

15 the first material, thereby yielding a temporarily 

fired product (complex oxide) . 

[0078] A material compound (second material) such as 
the above-mentioned component (a) and/or (b) , or (A) 
and/or (B) is weighed and added to the temporarily 

20 fired product so as to yield a desirable composition, 

and the temporarily fired product and the second 
material are compounded (step Sib), so as to form a 
piezoelectric porcelain composition. The addition of 
the second material is preferably carried out together 

25 with wet mixing and pulverizing of the piezoelectric 

porcelain composition which will be explained later. 
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The second material is not always required to be added 
after temporarily firing the first material, but may 
directly be added into the first material. For 
minimizing undesirable compositional changes due to 
5 heating upon temporal firing and the like, however, it 

is preferred that the second material be added after 
temporal firing. 

[0079] Thus obtained piezoelectric porcelain 

composition is mixed and pulverized in a wet fashion as 
10 in step S2 (step S5) , and then a binder made of an 

organic substance such as polyvinyl alcohol (step S6) 
is added to the composition, whereby a precursor of a 
piezoelectric device is formed. 

[0080] Subsequently, the device precursor is subjected 
15 to granulation as appropriate (step S7a) , and then is 

shaped into a desirable device form such as a 
rectangular plate under a pressurized condition (step 
S8a) . The resulting shaped article is heated to 
several hundred degrees (e.g., 300°C to 500°C) and so 
20 forth, so as to eliminate the binder (debindering; step 

S9a) . Thus debindered product is fired at a 

temperature of 800°C to 1000°C, more preferably at a 
temperature of 850°C to 950°C (step SlOa) , so as to 
form a piezoelectric body to become a piezoelectric 
25 layer 2 in the single-plate piezoelectric device 10. 

Then, the piezoelectric body is formed with electrodes 
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1 by baking, vacuum deposition, and the like (step Sll), 
so as to yield the single-plate piezoelectric device 10. 
Thereafter, a predetermined polarization is generated 
in the piezoelectric layer 2 in thus obtained device, 
5 whereby the single-plate piezoelectric device 10 is 

turned into a final product. 

[0081] With reference to Figs. 3 and 4, preferred 
embodiments of the laminated piezoelectric device in 
accordance with the present invention will now be 

10 explained. Fig. 3 is a schematic sectional view 

showing a first embodiment of the laminated 
piezoelectric device in accordance with the present 
invention. The laminated piezoelectric device 20 shown 
in Fig. 3 comprises inner electrodes 11a, lib 

15 alternately laminated with a piezoelectric layer 12. 

Protective layers 13a and 13b are disposed as the 
outermost layers of the laminate in which the inner 
electrodes 11a, lib and the piezoelectric layer 12 are 
laminated. The inner electrodes 11a and lib alternate 

20 each other, whereas outer electrodes 14 are alternately 

connected thereto . 

[0082] Electrode materials for the inner electrodes 
11a, lib in the laminated piezoelectric device 20 are 
not restricted in particular as long as they are metals 
25 used for electrodes in general. From the viewpoint of 

lowering the cost required for making the device, 
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however, Ag-Pd alloys and Ag, which are relatively 
inexpensive electrode materials are preferred. 
Similarly, normal electrode materials are used for the 
outer electrodes 14 without any restriction in 
5 particular. For example, gold electrodes formed by 

sputtering or the like can be used. 

[0083] The piezoelectric layer 12 is constituted by 
the piezoelectric porcelain composition of the present 
invention, and is formed by firing the first and second 

10 piezoelectric porcelain compositions preferably at a 

temperature of 850°C to 950°C. The protective layers 
13a and 13b act to protect the laminate constituted by 
the inner electrodes 11a, lib and piezoelectric layer 
12, and are made of piezoelectric layers in the same 

15 composition type as that of the piezoelectric layer 12. 

[0084] A method of making thus configured laminated 
piezoelectric device 20 will be explained with 
reference to Fig. 2. First, steps SI to S6 are carried 
out as in the making of the single-plate piezoelectric 

20 device 10, so as to yield a precursor of the 

piezoelectric device. Subsequently, an organic solvent, 
an organic plasticizer, and the like are added to the 
precursor of the piezoelectric device as appropriate, 
and they are mixed and pulverized with a ball mill or 

25 the like, so as to yield slurry. 

[0085] This slurry is applied onto a base film such as 
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polyethylene terephthalate (PET) , for example, by a 
known method and then is dried, so as to form a green 
sheet (sheet) (step S7b) , which becomes the 
piezoelectric layer 12 after firing. Subsequently, a 
5 metal paste or the like, which is an electrode material, 

is applied onto the green sheet by screen printing or 
the like so as to yield a desirable electrode form, and 
then is dried, whereby an inner electrode (inner 
electrode 11a or lib) is formed (step S8b) . These 
10 steps S7b and S8b are repeated a plurality of times, so 

as to form a laminate constituted by the green sheet 
and inner electrodes. 

[0086] Thus obtained laminate is fired at a 

predetermined temperature (step S9b) , and then is 
15 sputtered with gold, for example, so as to form outer 

electrodes 14 (step SlOb) , and surfaces of the laminate 
are formed with protective layers 13a, 13b as 
appropriate, whereby the laminated piezoelectric device 
20 is obtained. 

20 [0087] Fig. 4 is a schematic sectional view showing a 

second embodiment of the laminated piezoelectric device 
in accordance with the present invention. The 
laminated piezoelectric device 30 shown in Fig. 4 
comprises inner electrodes 11a, lib alternately 

25 laminated with a piezoelectric layer 12, and protective 

layers 13a and 13b disposed as the outermost layers of 
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the laminate comprising the inner electrodes 11a, lib 
and piezoelectric layer 12. The laminate constituted 
by the inner electrodes 11a, lib and piezoelectric 
layer 12 is formed with a pair of through holes 18 
5 penetrating therethrough in the laminating direction, 

whereas the through holes 18 are filled with respective 
penetrating electrodes 15. The pair of penetrating 
electrodes 15 connect with their corresponding outer 
electrodes 14. The inner electrodes 11a, lib and the 

10 outer electrodes 14 are electrically connected to each 

other via the penetrating electrodes 15. The 
individual parts of thus configured laminated 
piezoelectric device 30 are formed from substantially 
the same materials as those of the laminated 

15 piezoelectric device 20. 

[0088] In thus configured laminated piezoelectric 
device 20 and laminated piezoelectric device 30, the 
firing temperature at the time of forming the devices 
can be set to about 850°C to about 950°C, since the 

20 piezoelectric layer 2 is constituted by the 

piezoelectric porcelain composition of the present 
invention. As a consequence, electrodes constituted by 
relatively inexpensive Ag-Pd alloys, or preferably 
those constituted by Ag alone in particular, can be 

25 employed as the inner electrodes 11a, lib, whereby the 

cost for making the laminated piezoelectric devices 20 
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and 30 can be lowered. 

[0089] In the making of these piezoelectric porcelain 
compositions, the firing is possible under a low- 
temperature condition such as that mentioned above, 
5 whereby Pb in the complex oxide hardly evaporates even 

when the laminates are fired in the ambient atmosphere 
instead of a sealed container made of magnesia (MgO) or 
the like. 

[0090] The piezoelectric porcelain composition 

10 constituting the piezoelectric layer 12 in these 

devices are in a state where Ag, Mo, W, and the like 
are uniformly dispersed, whereas their contraction 
curve at the time of firing does not become so steep, 
whereby the laminated piezoelectric devices 20 and 30 
15 obtained after the firing hardly generate warpage, 

undulation, and the like. 
Examples 

[0091] In the following, the present invention will be 
explained in further detail with reference to examples, 
20 which do not restrict the present invention. 

Example A 

[0092] In Example A, for studying a piezoelectric 
porcelain composition containing a complex oxide and 
the above-mentioned component (a) and/or (b) , the 
25 following single-plate and laminated piezoelectric 

devices of Samples 1 to 24 were formed, and 
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characteristics of thus obtained devices were evaluated. 
Making of Single-Plate and Laminated Piezoelectric 
Devices 

[0093] Fig. 5 is a flowchart showing a process of 
5 making a single-plate or laminated piezoelectric device 

in accordance with this example. First, PbO, ZnO, Nb 2 0 5 , 
MgC0 3 , Ti0 2 , and Zr0 2 were prepared as material 
compounds (first materials) of a complex oxide, and 
were weighed and compounded so as to yield a basic 
10 composition of 0 . lPb ( Zni /3 Nb 2 /3) O 3 -0 . 2Pb (Mgi /3 Nb 2 /3) 0 3 - 

0 . 3 8PbTiO 3 -0 . 32PbZr0 3 . 

[0094] They were mixed in a wet fashion with a ball 
mill and then were dried. Thus dried product was 
temporarily fired for 3 hours at 900°C, so as to yield 

15 a temporarily fired powder (temporarily fired product) . 

This temporarily fired powder was pulverized with the 
ball mill again with Ag 2 0 and Mo0 3 , or Ag 2 Mo0 4 as an 
additional component (second material) in conformity to 
the amounts (dosages) shown in Table 1. After being 

20 pulverized in a wet fashion, they were, dried, whereby 

piezoelectric materials (piezoelectric porcelain 
compositions) were obtained. 

[0095] Then, the following steps were carried out so 
as to produce a single-plate piezoelectric device. 
25 First, each of the piezoelectric materials obtained by 

the foregoing was granulated with a polyvinyl alcohol 
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type binder added thereto. Then, the granulated 
product was shaped into a 20-mm square plate with a 
thickness of 1.5 mm under a pressure of about 196 MPa. 
Thus shaped product was debindered in the ambient 
5 atmosphere, and then was put into a sealed container 

made of magnesia (MgO) , so that each sample was fired 
for 3 hours at a predetermined temperature between 
800°C to 1100°C, whereby a device body for a single- 
plate piezoelectric device was obtained. 

10 [0096] Further, the porcelain density ps of the device 

body was determined by Archimedes' method, and then the 
device body was processed into a sheet having a height 
of 1 mm. Subsequently, thus obtained sheet-like device 
was formed with silver baked electrodes and then was 

15 processed into a size of 12 mm x 3 mm, whereby Samples 

1 to 24 of the single-plate piezoelectric device shown 
in Fig. 1 were produced. This single-plate 

piezoelectric device has a structure in which both 
sides of the piezoelectric layer were formed with 

20 silver baked electrodes in Fig. 1. 

[0097] Next, for producing samples of the laminated 
piezoelectric device, the following steps were carried 
out. First, an organic binder, an organic solvent, and 
an organic plasticizer were added to each of the 

25 piezoelectric materials obtained above, and they were 

mixed and pulverized for 20 hours with a ball mill, so 
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as to yield slurry. 

[0098] Using this slurry, a green sheet was produced 
on a base film made of PET (polyethylene terephthalate ) 
by doctor blading. Thus obtained green sheet was 
5 printed with a desirable electrode pattern by screen 

printing using a silver-palladium paste or silver paste, 
whereby an inner electrode (corresponding to the inner 
electrode 11a in the laminated piezoelectric device 
shown in Fig. 3) was formed after drying. Thereafter, 

10 the green sheet formed with the inner electrode was 

peeled off from the base film made of PET. 
[0099] Subsequently, a green sheet was produced as 
mentioned above, and an electrode was printed thereon 
as mentioned above, whereby an inner electrode 

15 (corresponding to the inner electrode lib in the 

laminated piezoelectric device shown in Fig. 3) was 
formed. These green sheets were laminated alternately, 
and then, as the outermost layers of thus obtained 
laminate, a plurality of layers of green sheet in the 

20 same composition system were laminated, so as to form 

protective layers (corresponding to the protective 
layers 13a, 13b in the laminated piezoelectric device 
shown in Fig. 3) . 

[0100] Thus obtained laminate was pressed together 
25 upon heating and then was cut into a predetermined chip 

form, whereby a green chip was formed. The green chip 
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was subjected to debindering in the ambient atmosphere, 
and then was put into a sealed container, so that each 
sample was fired for 3 hours at a predetermined 
temperature between 800°C to 1100°C, whereby a device 
5 body for a laminated piezoelectric device was obtained. 

[0101] Each device body had an outer form of 30 mm 
(length) * 6 mm (width) x about 0.36 mm (thickness). 
The piezoelectric layer formed from the green sheet had 
a thickness of 30 jam per layer. The inner electrode 

10 had a thickness of 1 pm to 2 pm per layer. The total 

number of inner electrodes was 10. For the inner 
electrodes, the piezoelectric device of Sample 1 
employed an alloy in which the metal components Pd:Ag = 
30:70, whereas the other samples used only Ag as a 

15 metal component. 

[0102] Thereafter, both end faces of each device body 
were formed with outer electrodes (corresponding to the 
outer electrodes 14 in the laminated piezoelectric 
device shown in Fig. 3) by sputtering with gold, 

20 whereby the laminated piezoelectric device having the 

structure shown in Fig. 3 was obtained. As shown in 
Fig. 3, the inner electrodes 11a, lib were alternately 
connected to both end faces. 
Evaluation of Characteristics 

25 [0103] Using thus obtained single-plate piezoelectric 

devices and laminated piezoelectric devices of Samples 
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1 to 24, various kinds of characteristics were 
evaluated. Here, the single-plate piezoelectric 

devices and laminated piezoelectric devices were 
produced by the above-mentioned method by using no 
5 second material in Samples 1 and 2, using only Ag 2 0 as 

the second material in Sample 3, using only Mo0 3 as the 
second material in Sample 4, using Ag 2 0 and M0O3 as the 
second material in Samples 5 to 14, and using Ag 2 Mo0 4 
as the second material in Samples 15 to 24. Each of 

10 thus obtained single-plate piezoelectric device samples 

was subjected to depolarization for 30 minutes at a 
voltage of 2 to 3 kV/mm in an insulating oil at 120°C, 
and then the capacitance C, resonance frequency fr, and 
antiresonance frequency fa of thus processed sample 

15 were measured by using an impedance analyzer. From 

these results, a piezoelectric strain constant d 3i was 
determined . 

[0104] Using an LCR meter, the capacitance C was 
measured in each of thus obtained laminated 

20 piezoelectric devices. Then, each of the samples 

exhibiting a piezoelectric characteristic thereby was 
subjected to the following moisture resistance load 
reliability test. In this test, a DC electric field of 
1000 kV/m was applied to the piezoelectric layer per 

25 thickness in an environment with a temperature of 60°C 

and a moisture of 90% RH, and the change in ohmic value 
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of the device with time was observed until 100 hours 
thereafter. For measuring the ohmic value of the 
device, an insulation resistance tester was used. 
[0105] The results obtained by this evaluation of 
5 characteristics were listed in Table 1. In this table, 

ps, C, and d 3 i indicate the porcelain density, 
capacitance, and piezoelectric strain constant, 
respectively. Here, Samples 1 and 2 are conventional 
examples without the components (a) and (b) , whereas 
10 Samples 3 and 4 contain only one of Ag and Mo in the 

component (a) . Hence, these samples belong to 

comparative examples . 
TABLE 1 
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[0106] Sample 1 was obtained by firing a basic 
piezoelectric porcelain composition at 1100°C. Since 
problems may occur in terms of product characteristics 
5 if the capacitance and piezoelectric strain constant of 

a piezoelectric device change by 10% or more with 
reference to the characteristics of Sample 1, those 
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whose change in capacitance and piezoelectric strain 
constant was 10% or less were determined particularly- 
favorable. In the moisture resistance load reliability 
test, those yielding an insulating resistance of 10 6 Q 
5 or greater was determined particularly favorable in the 

following studies. Sample 2, in which the firing 
temperature of Sample 1 was changed to 900°C, did not 
sinter, whereby characteristics could not be measured. 
[0107] Samples 3 and 4 were comparative examples. 

10 Sample 3 was a case where only Ag 2 0 is added, which 

exceeded the amount of Ag miscible in crystals of the 
piezoelectric layer, 0.12 mol%, whereby the part of Ag 
immiscible into crystals of the piezoelectric layer 
lowered the insulating resistance after the moisture 

15 resistance load test, and deteriorated the moisture 

resistance load reliability. Sample 4 was a case where 
only Mo0 3 is added, in which Mo seemed to form a 
compound with Ag in the inner electrodes, whereby the 
ratio of electrically conductive components in the 

20 inner electrodes decreased, thus lowering the 

capacitance . 

[0108] Samples 5 to 14 were those changing the 
combination of amounts of Ag 2 0 and M0O3 . Sample 5, in 
which both amounts of Ag 2 0 and M0O3 were low, were 
25 relatively short of sintering, and exhibited relatively 

low porcelain density, capacitance, and piezoelectric 
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strain constant. 

[0109] Samples 8 and 10 were cases where the 

difference between Ag 2 0 and Mo0 3 amounts was large. In 
this case, the part of Ag obtained by subtracting the 
5 amount of Mo from the amount of Ag dissolved into 

crystals of the piezoelectric layer tended to remain 
without becoming miscible, whereby the insulating 
resistance after the moisture load reliability test 
became relatively low. In Sample 14, the amount of 

10 additive (M0O3 in particular) was in excess, whereby 

the piezoelectric strain characteristic deteriorated. 
[0110] From the foregoing, the range where Ag 2 0 is 
0.24 mol% to 0.48 mol%, M0O3 is 0.12 mol% to 0.36 mol%, 
and the value obtained when subtracting the M0O3 amount 

15 from the Ag 2 0 amount is 0.12 mol% or less has been 

found preferable in particular. 

[0111] Samples 15 to 24 were samples where Ag 2 Mo0 4 is 
added. Sample 15, in which the amount was relatively 
small, was somewhat short of sintering. By contrast, 

20 Sample 19 was a case with a large amount, and exhibited 

a relatively low piezoelectric strain characteristic. 
From these results, it has been found that the amount 
of Ag 2 Mo0 4 is preferably within the range of 0.12 mol% 
to 0.36 mol% in particular. 

25 [0112] Samples 20 to 24 were cases changing the firing 

temperature. Sample 20, whose firing temperature was 
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800°C, was somewhat short of sintering. Sample 24 was 
fired at 1000°C, which was higher than the melting 
point of the inner electrode component Ag, whereby the 
inner electrodes melted, so as to become a cluster of 
5 island electrodes partly aggregated by surface tension, 

thereby lowering the capacitance. This has verified 
that the firing temperature preferably ranges from 
850°C to 950°C. 
Example B 

10 [0113] In Example B, for studying a piezoelectric 

porcelain composition containing a complex oxide and 
the above-mentioned component (A) and/or (B) , single- 
plate and laminated piezoelectric devices of Samples 25 
to 52 shown in the following were formed, and 
15 characteristics of thus obtained devices were evaluated. 

Making of Single-Plate and Laminated Piezoelectric 
Devices 

[0114] The single-plate and laminated piezoelectric 
devices of Samples 25 to 52 were made as in the making 
of single-plate and laminated piezoelectric devices in 
Example A except that three kinds of oxides of Ag 2 0, 
M0O3, and WO3, or Ag 2 (M00.5W0. 5) 0 4 was weighed and added 
according to the amounts shown in Table 2 or so as to 
yield the compositions shown in Table 3. For the inner 
electrodes, the piezoelectric device of Sample 25 
employed an alloy in which the metal components Pd:Ag = 

44 



20 



25 



FP03-0235-00 



30:70, whereas the other samples used only Ag as a 

metal component. 

Evaluation of Characteristics 

[0115] Using thus obtained single-plate piezoelectric 
5 devices and laminated piezoelectric devices of Samples 

25 to 52, various kinds of characteristics were 
evaluated. Here, the single-plate piezoelectric 

devices and laminated piezoelectric devices were 
produced by the above-mentioned method by using no 

10 second material in Samples 25 and 26, using only Ag 2 0 

as the second material in Sample 27, using only M0O3 
and W0 3 as the second material in Sample 28, using Ag 2 0, 
Mo0 3 , and W0 3 as the second material in Samples 29 to 
38, using Ag 2 (M00.5W0. 5) 0 4 as the second material in 

15 Samples 39 to 48, and using Ag 2 Mo ( i- X ] W x 0 4 (where X is 0, 

0.3, 0.7, or 1) as the. second material in Samples 49 to 
52. Each of thus obtained single-plate piezoelectric 
device sample was subjected to depolarization for 30 
minutes at a voltage of 2 to 3 kV/mm in an insulating 

20 oil at 120°C, and then the capacitance C, resonance 

frequency fr, and antiresonance frequency fa of thus 
processed sample were measured by using an impedance 
analyzer. From these results, a piezoelectric strain 
constant d 3 i was determined. 

25 [0116] Using an LCR meter, the capacitance C was 

measured in each of thus obtained laminated 
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piezoelectric devices. Then, each of the samples 
exhibiting a characteristic thereby was subjected to 
the following moisture resistance load reliability test. 
In this test, a DC electric field of 1000 kV/m was 
5 applied to the piezoelectric layer per thickness in an 

environment with a temperature of 60°C and a moisture 
of 90% RH, and the change in ohmic value of the device 
with time was observed until 100 hours thereafter. For 
measuring the ohmic value of the device, an insulation 

10 resistance tester was used. 

[0117] Further, using the piezoelectric devices of 
Samples 49 to 52, warpage generated in the devices was 
evaluated. The warpage was evaluated by using a laser 
type three-dimensional form measuring apparatus (made 

15 by Japan Digitec Co., Ltd.), and the devices exhibiting 

a total warpage amount of 50 jam or less were determined 
favorable, whereas those exhibiting a total warpage 
amount exceeding 50 \xm were determined defective. 
[0118] The results obtained by this evaluation of 

20 characteristics were listed in Tables 2 and 3. In 

these tables, ps, C, and d 3 i indicate the porcelain 
density, capacitance, and piezoelectric strain constant, 
respectively. Here, Samples 25 and 26 are conventional 
examples, and belong to comparative examples since they 

25 do not contain metals or compounds of Ag, Mo, and W. 

Samples 27 and 28 belong to comparative examples since 
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they contain only one of Ag 2 0 and (M0O3+WO3) . 
TABLE 2 
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[0119] Sample 25 was obtained by firing a basic 
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piezoelectric porcelain composition at 1100°C. Since 
problems may occur in terms of product characteristics 
if the capacitance and piezoelectric strain constant of 
a piezoelectric device change by 10% or more with 
5 reference to the characteristics of Sample 25, those 

whose change in capacitance and piezoelectric strain 
constant was 10% or less were determined particularly 
favorable in the following studies. In the moisture 
resistance load reliability test, those yielding an 
10 insulating resistance of 10 6 Q or greater was 

determined particularly favorable. Sample 26, in which 
the firing temperature of Sample 25 was changed to 
900°C, did not sinter, whereby characteristics could 
not be measured . 

15 [0120] Samples 27 and 28 were comparative examples. 

Sample 27 was a case where only Ag 2 0 is added, which 
exceeded the amount of Ag miscible in crystals of the 
piezoelectric layer, 0.12 mol%, whereby the part of Ag 
immiscible into crystals of the piezoelectric layer 

20 lowered the insulating resistance after the moisture 

resistance load test, and deteriorated the moisture 
resistance load reliability. Sample 28 was a case 
where only ( 0 . 5Mo0 3 + 0 . 5W0 3 ) is added, in which Mo 
seemed to form a compound with Ag in the inner 

25 electrodes, whereby the ratio of electrically 

conductive components in the inner electrodes decreased, 
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thus lowering the capacitance. 

[0121] Samples 29 to 38 were those changing the 
combination of amounts of Ag 2 0 and ( 0 . 5Mo0 3 +0 . 5W0 3 ) . 
Sample 29, in which both amounts of Ag 2 0 and 
5 ( 0 . 5MoO 3 +0 . 5WO3) were low, were relatively short of 

sintering, and exhibited relatively low porcelain 
density, capacitance, and piezoelectric strain constant. 
[0122] Samples 32 and 34 were cases where the 
difference between Ag 2 0 and ( 0 . 5Mo0 3 +0 . 5W0 3 ) amounts was 

10 large. In this case, the part of Ag obtained by 

subtracting the amount of (Mo+W) from the amount of Ag 
dissolved into crystals of the piezoelectric layer 
tended to remain without becoming immiscible, whereby 
the insulating resistance after the moisture load 

15 reliability test became relatively low. In Sample 38, 

the amount of additive (Mo0 3 in particular) was much 
greater than in the others, whereby the piezoelectric 
strain characteristic relatively deteriorated. 
[0123] From the foregoing, the range where Ag 2 0 is 

20 0.24 mol% to 0.48 mol%, ( 0 . 5MoO 3 +0 . 5W0 3 ) is 0.12 mol% 

to 0.36 mol%, and the value obtained when subtracting 
the (0 . 5MoO 3 +0 . 5W0 3 ) amount from the Ag 2 0 amount is 0.12 
mol% or less has been found preferable in particular. 
[0124] Samples 39 to 48 were samples where silver 

25 molybdate-tungstate [Ag 2 (M00.5W0.5) 0 4 ] is added. Sample 

39, in which the amount was relatively small, was 
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somewhat short of sintering. By contrast, Sample 43 
was a case with a large amount, and exhibited a 
relatively low piezoelectric strain characteristic. 
From these results, it has been found that the amount 
5 of Ag 2 (M00.5W0.5) 0 4 is preferably within the range of 

0. 12 mol% to 0.36 moll in particular. 

[0125] Samples 44 to 48 were cases changing the firing 
temperature. Sample 44, whose firing temperature was 
800°C, was somewhat short of sintering. Sample 48 was 

10 fired at 1000°C, which was higher than the melting 

point of the inner electrode component Ag, whereby the 
inner electrodes melted, so as to become a cluster of 
island electrodes partly aggregated by surface tension, 
thereby relatively lowering the capacitance. This has 

15 verified that the firing temperature preferably ranges 

from 850°C to 950°C. 

[0126] In Table 3, Sample 49 was a case where X = 0, 

1. e., without W. Though favorable characteristics were 
obtained, the amount of warpage in the device after 

20 firing was large. Fig. 6 is a graph showing results 

obtained when shaping Sample 4 9 (device of a 
comparative example containing no W) and Sample 41 
(device of an example) and then investigating their 
shrinking behaviors with a thermal analyzer. As shown 

25 in Fig. 6, shrinkage was relatively moderate from 500°C 

to 900°C in the case with W (Sample 41), whereas a 
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drastic shrinkage was seen from near 900°C in the case 
without W (Sample 49) . 

[0127] Samples 50 and 51, in which X = 0.3 and X = 0.7, 
respectively, yielded favorable effects in each 
5 characteristic. Sample 52 was a case where X = 1, i.e., 

without Mo. Though sintering was seen, this sample 
yielded low dielectric constant and piezoelectric 
characteristic (d 3i ) and inferior in each 

characteristic. As a consequence, it has been found 
10 necessary for X in silver molybdate- tungs tate 

represented by Ag 2 Mo (i-x)Wx0 4 contained in the 
piezoelectric porcelain composition to fall within the 
range from 0.3 to 0.7. 

[0128] The present invention can provide a 

15 piezoelectric porcelain composition which exhibits 

favorable piezoelectric strain and capacitance 
characteristics, a high moisture load reliability, and 
less warpage and undulation occurring in the device 
after firing. This piezoelectric porcelain composition 
20 makes it possible to use inexpensive Ag for inner 

electrodes of a laminated piezoelectric device. In 
addition, the piezoelectric porcelain composition 
deforms less after firing, and restrains Pb from 
evaporating, whereby the process of making can be 
25 simplified. Also, a piezoelectric device using the 

same and their methods of making can be provided. 

53 



